E. coli K-12 is the workhorse of molecular biology and the platform of choice for production of DNA, metabolites and proteins of industrial interest. To construct strains for the multitude of purposes, efficient genome manipulation methods are required. The suicide plasmid-mediated, homologous recombinationbased gene replacement method is a convenient genome engineering tool. In consecutive recombination events, genomic integration of the plasmid, carrying the modified allele, is followed by its excision, resulting in either a modified genome or the original wild-type chromosome. Using the lac operon as a chromosomal target, we systematically investigated the effects of several factors influencing the outcome of the procedure. Recombinogenic activity was proportional to the length of the targeting homologous fragments. Presence of a properly oriented chi site stabilized broken chromosomal ends and stimulated recombination in the downstream genomic region. Introduction of a double-stranded break in the chromosome had a profound stimulatory effect on recombination of the free DNA ends. These results shed light on some details of the complex events of intra-and intermolecular homologous recombination in the E. coli genome. Taking into account these findings at the assembly of the targeting plasmid constructs, serial genomic modifications can be created with enhanced efficiency and speed.
INTRODUCTION
At the molecular level, Escherichia coli is one of the most thoroughly analyzed organisms [1, 10, 22, 26] . It is both a prominent model system of basic research and an important biotechnological tool. Although a wide variety of genome manipulation methods is available [4, 5, 9, 11, 14, 16, 24, 29] , the demanding task of serial genomic modifications in the course of strain constructions requires improvement of the existing procedures. In our laboratory, we have carried out well over a hundred specific genomic modifications in E. coli K-12, including a series of deletions resulting in an extensive genome reduction [13, 21] . We had developed a double strand break (DSB)-stimulated, suicide plasmid-based method [20] , which was primarily used for small, precise genomic surgeries (insertions, point-mutations, deletions, reconstruction of interrupted genes). The multistep procedure involves (i) cloning of a targeting fusion DNA-fragment in a plasmid, (ii) insertion of the plasmid in the genome, (iii) introduction of a DSB in the inserted plasmid, and (iv) an intramolecular recombination event in the chromosome resulting in the removal of the previously inserted plasmid. The last step can proceed in two different ways, resulting in either a modified genome or in reversion to wild-type (wt). Normally, the ratio of wt and mutant products is close to 50 : 50. We hypothesized that, by carefully adjusting factors affecting homologous recombination, this ratio can be improved. If conditions favoring mutant production were found, the scale and time of screening could be reduced, greatly benefiting strain construction.
It is known that longer homologous DNA-fragments recombine with increased frequency [3, 12] . By using targeting fusion fragments composed of two homologous segments of different length, we intended to "channel" recombination events largely to one of the segments, breaking the symmetry of genomic insertions. Such "onesided" insertion would allow proper positioning of certain construction elements (e.g., site of DSB) in the genome, thereby giving some control over subsequent recombination events.
The asymmetric octamer Chi (5' GCTGGTGG 3') is known to stimulate recombination [18) . A RecBCD complex traveling on the double-stranded DNA is attenuated at Chi by losing its exonucleolytic activity. The complex then unwinds the strands of the DNA to the left (as written above) and recruits RecA to the singlestranded DNA [6, 23] . It has been shown that linear DNA fragments are protected from RecBCD-mediated degradation by properly oriented Chi sites, and show increased homologous recombination potential [8] . By inserting a Chi site in the proper terminus of the targeting fragment, we planned to stimulate insertion of a circular plasmid in the genome and, subsequently, its excision with a directionality favoring mutant production.
DSBs in the genome are entry sites for RecBCD. Introducing a DSB artificially by meganuclease I-SceI cleavage enhances recombination [7, 17] . We hypothesized that the introduction of a properly positioned DSB in the genomic insert allows the creation of some hierarchy of recombination sites, which can be exploited in the mutant construction.
MATERIALS AND METHODS

Strains, plasmids, and media
Plasmids were generally prepared from DH5αα (28) . Genomic deletions were made in Escerichia coli K-12 strain MG1655 [1] . All suicide plasmid constructions were based on parent plasmid pSG76-C (YO9893) [19] . Replication of the suicide plasmids was ensured by using helper plasmid pPIR-A [19] . Meganuclease I-SceI was expressed from helper plasmid pSTKST (AF170483) [19] . Standard rich laboratory media (LB) and agar plates were used [25] . Antibiotics were used in the following concentrations: ampicillin (Ap) 50 µg/ml, kanamycin (Kan) 25 µg/ml, chloramphenicol (Cam) 25 µg/ml. Chlortetracycline (cTc), inducer of the tet operon, was used as described earlier [20] . Lac deletion mutant and wt cells were scored with the help of blue-white selection on LB agar plates supplemented with 40 µg/ml IPTG and 50 µg/ml X-gal.
DNA manipulation methods
DNA cloning procedures, chemical transformations and electroporations were done according to standard protocols [15] .
Deletion construction
Construction of targeted genomic modifications using suicide plasmids has been described earlier [20] . Briefly, a targeting fragment, composed of two segments, homologous to genomic regions, is assembled by recombinant PCR, and cloned in a suicide plasmid. Cloning is aided by unique restriction sites carried by the relevant PCR primers. The plasmid is then transformed in the target cell carrying heat-sensitive helper plasmid pPIR-A. The helper plasmid provides Pir, required for replication of the suicide plasmid. After an initial incubation at 30 °C, replication of the helper and the suicide plasmid is stopped by transferring the cells to 42 °C. Cells with the suicide plasmid integrated into the genome are selected on Cam-containing agar plates. Helper plasmid pSTKST is then transformed in the cell, and a DSB is introduced in the integrated plasmid by expressing I-SceI from pSTKST. The DSB is repaired by intramolecular recombination resulting either in a wt or a mutant genome (Fig. 1) . 
PCR primers
RESULTS
General scheme of the experiments
Construction of a genomic deletion is depicted in Fig. 1 . All experiments followed the same scheme. Individual suicide plasmid constructions used in this study differed only in the length and sequence composition of the cloned targeting fragments. Directionality (left or right side) of the insertion in the genome was assayed by PCR using proper checking primers. Since the deletions constructed in this study removed the lacI-lacZ region from the genome, directionality of excision could be checked by blue-white screening. Colonies of wt cells were blue, lac deletion mutants were white on indicator plates. (Deletion of this genomic region is known to have no deleterious effect on the cell in rich medium.)
Homologous genomic locations of the targeting fragments and PCR primers are summarized in Fig. 2 .
Directionality of insertion depends on targeting fragment length, nucleotide sequence composition, and presence of Chi sites
A series of suicide plasmid constructions were used to create insertions in the genome of MG1655 at the lac operon. Results are summarized in Table 1 . All experiments were done in duplicates, and directionality of insertion was checked in >200 colonies in each experiment. Without a Chi site (there is no Chi site in the targeted genomic region or in the plasmid vector), the probability of recombination proceeding via a particular homologous fragment was roughly proportional to the length of the fragment. Incorporating a properly oriented Chi site at the terminus of the fragment changed the distribution of recombination events significantly. The stimulating effect of Chi on recombination in its 5' downstream region was more pronounced on the proximal than on the distal fragment. Remarkably, the recombination potential depended on the particular nucleotide sequence as well. While having essentially the same length, the left side fragment in lac55-9 (targeting the codA region) was much less recombinogenic than the one in lac5-9 (targeting lacZ). Incorporating a Chi site at the left side of lac55-9 (lac55chi-9) restored the level of recombinogenicity of this fragment to that of lac5chi-9. 
Directionality of excision is determined by a complex interplay of homologous fragment length, presence of Chi sites, and genomic context
For each construct, the genomes of cells with left side, as well as cells with right side insertions were subjected to I-SceI cleavage. Surviving cells with repaired genomes were spread on indicator plates and the ratio of blue and white colonies was determined. Each experiment was done in duplicates. Results are summarized in Table 2 .
Without a Chi site, excision was more likely to occur in regions presenting longer homologies. By placing appropriately oriented Chi site between the DSB and the homologous fragments (lac5-9chi), the probability of recombination in the shorter homologous (proximal) region increased markedly. Surprisingly, inserting a Chi site in reverse orientation in the far end (with respect to the DSB) of the targeting fragment preferentially increased the recombinogenicity of the distal homology (lac2-5chi; lac5chi-9).
By combining data from Table 1 and Table 2 , the overall efficiency of the genome modification method using various plasmid constructs can be calculated. The two best constructs were lac2-5chi and lac5chi-9, giving rise to mutants in 60% and 65% of the cases, respectively. 
DISCUSSION
The suicide plasmid-mediated method complements other genome engineering techniques, and is the method of choice for small, precise genomic surgeries. However, the method is rather complex, and requires screening/selection steps. In the absence of mutation-specific selection, the yield of the desired genomic mutants does not exceed 50% of all cells. Finding conditions enhancing mutant production could significantly reduce the time and cost of complex engineering projects. Effective recombination proceeding via cloned fragments homologous to the targeted genomic sites is key to the process. Normally, the cloned fragment consists of two segments of equal size, each homologous to different regions of the chromosome. The two recombination steps of the procedure (insertion in the genome and excision) can proceed via either segment with similar probability. Enhanced mutant yield could be achieved only by shifting this balance of recombination in opposite ways for insertion and excision. Our strategy was to direct insertion to one segment by using unequal-sized targeting fragments, and to force excision via the other segment by proper arrangements of recombination-stimulating Chi sites and DSBs.
Frequency of recombination in both insertion and excision processes clearly correlated with fragment length. A moderate size-difference of the two fused segments (lac2-5; lac5-9) resulted in a ~2 : 1 ratio of recombination events favoring the longer segment. These data correlate well with those available in the literature [3] .
In all cases, insertion of a Chi site in the terminal region of the targeting fragment stimulated recombination in the 5' direction. Most experiments in the literature deal with Chi sites present in the genome or in linear exogenous DNA constructs. We show here that Chi sites stimulate recombination between a donor circular plasmid and the genome in vivo. Moreover, in this situation, the stimulating effect was found to be the highest in the proximal region.
The role of Chi in the excision process is more complex. Introducing a DSB by ISceI cleavage exposes DNA ends and stimulates recombination. Exposed ends are rapidly degraded by RecBCD. Degradation and recombination are competing processes, where both unprotected ends, and segments stabilized by Chi participate. On one hand, in certain arrangements (lac5-9chi) Chi "behaved" as predicted, and stimulated recombination in the proximal 5' region of the genome. On the other hand, in other arrangements (lac2-5chi; lac5chi-9) it preferentially stimulated recombination in the more distant segment. The reason for this is unclear. It is noted, that 80% of the Chi sites in the K-12 genome are on the leading strand [2] . It is postulated, that the primary role of Chi is to promote repair of DSBs formed during the replication process [27) . We speculate that the slightly aberrant behaviour of the Chi site in certain arrangements (lac2-5chi; lac5chi-9) can be due to its atypical orientation and location. In these cases, Chi is in opposite orientation with respect to replication. Moreover, in the excision process, it participates in intramolecular recombination involving homologous segments in cis. This is in contrast with the "natural" situation, where Chi promotes DSB repair via recombination with an intact chromosomal copy in trans. Protein complexes involved in replication and repair might assemble differently in the excision process and in the "natural" situation, resulting in the partially different effects of Chi.
The overall improvement of the mutant yield, even in the best cases, is moderate (15%). However, a slight increase might be significant in complex projects requiring dozens of sequential genome modifications. More importantly, in "difficult" genome modifications that resist other techniques, the suicide plasmid-based method, finetuned by fragment length variations, Chi sites, and DSB positioning, can be the procedure of choice.
